The structure of amorphous Cu 57 Zr 43 has been investigated by neutron diffraction using the isotopic substitution method with the isotopes 63 Cu and 65 Cu besides natural Cu. From the scattering contribution of concentration fluctuations to the measured structure factors and from the atomic distances chemical ordering is concluded to exist in amorphous Cu 57 Zr 4 3. The structural results are compared with previous experimental and theoretical investigations of CuZr-and other binary metallic glasses formed by transition metals. Evidence is given that the topological as well as the chemical short range order is asymmetric in respect to both components in this type of metallic glasses.
Introduction
Metallic glasses from the Cu-Zr system, which can be produced since one decade [1, 2] , are the most extensively studied ones belonging to the group of metal-metal alloys. The investigations involve the atomic structure by X-ray- [3] [4] [5] [6] [7] [8] [9] and neutron- [10, 11] diffraction as well as by EXAFS [12] [13] [14] [15] , dynamical properties by inelastic neutron diffraction [16, 17] , inhomogeneities by small angle diffraction [18, 19] , the glass forming ability [1, 20] , the stability as well as the relaxation and crystallisation behaviour [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , magnetic [35] [36] [37] [38] , electronic [5, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , mechanical [31, [50] [51] [52] , thermodynamic [5, 30, 42, 53] , and chemical [54] [55] [56] [57] properties, superconductivity [58] [59] [60] , NMR [61] , positron annihilation [5, [62] [63] [64] [65] , Mössbauer spectroscopy [66] , radiation damage [67] . and technical applications [68] [69] [70] . Also a variety of theoretical studies on the structure [6, [71] [72] [73] [74] and other properties [72, 73, 75, 76] can be found in the literature.
Despite the many publications dealing with CuZr glasses one must state that their structure is not yet cleared up reliably. This is obvious from the contradictory structural results found in the literature up to now: Random mixing of both constituents follows from the values of coordination numbers by X-ray- [9] and neutron- [10. 11] diffraction as well as by EXAFS [12, 13] . On the other hand, also by X-ray diffraction [7, 8] and by EXAFS Reprint requests to Prof. Dr. S. Steeb. Max-Planck-Institut für Metallforschung. Institut für Werkstoffwissenschaften. D-7000 Stuttgart 1. [14, 15] chemical short range order (CSRO) was found in Cu-Zr glasses. The case of statistical distribution of both kinds of atoms, however, is very unlikely because of the following reasons: Those scattering experiments performed up to now with metal-metal glasses which are. due to the scattering amplitudes of their constituents, sensitive to CSRO effects (Cu-Ti [77] , Ni-Ti [78. 79] , Ni-(Zr, Hf) [80] ) all showed up the presence of CSRO. Furthermore, the electronic structure of amorphous Cu-Zr alloys [40, 41] reflects strong chemical interaction between the two kinds of atoms.
Generally there is growing evidence that the chemical interaction between the components of an alloy is an important condition for its glass forming ability.
Fundamentals
For convenience of discussion of the experimental results the essential equations are given in the following:
Faber Ziman Formalism
According to the Faber Ziman definition [81] the total structure factor is obtained from the coherently scattered intensity per atom I C {Q):
where Q = 4 Tr sin 0/;., 20 = scattering angle. The total structure factor is a sum of the three weighted partial Faber Ziman structure factors OijiQ):
The three partial pair correlation functions (ppcf) Gjj(R) are defined as
where Qij(R)= pair density distribution function of i-j pairs, i.e. number of j atoms per unit volume at distance R from an i atom, go = mean atomic number density.
The Gjj(R) are obtained from the partial structure factors by Fourier transformation
The interatomic distances are given by the positions of maxima of the Gjj(R) functions.
The partial radial distribution functions Ajj(R) can be calculated from the Gjj(R):
From Ajj(R) the partial coordination number Z, can be evaluated:
In the present work the minima besides the main peak of Ajj(R) are taken as integration limits.
For the total functions S FZ (Q), G(R), A(R)
, and the total coordination number N also (4), (5), (6) are valid, whereby in (5) Cj has to be dropped.
Bhatia Thornton Formalism
Using the Bhatia Thornton formalism [82] the structure of a binary system is described in terms of correlations between density fluctuations and concentration fluctuations, the Fourier transforms of them in ß-space being the partial Bhatia Thornton structure factors S NN (0, Scc(Q), and SNC(0)-Here another definition of the total structure factor is convenient:
which in terms of the partial structure factors is
(3) where 5nn(0= partial structure factor of the correlations between number density fluctuations, Scc(Q) = partial structure factor of the correlations between concentration fluctuations, SNC(0 = partial structure factor of the cross correlations between concentration fluctuations and density fluctuations.
The three density concentration correlation functions are obtained from the partial structure factors by Fourier transformation from ß-space to R-space:
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GMN(/?) represents the topological short range ordering (TSRO), whereas Gqc(R) represents the chemical short range ordering (CSRO). G N c represents the size effect, which is caused by different atomic volumes of the components. The description of the atomic structure of an amorphous binary in terms of the Bhatia Thornton partial functions has a clear meaning if the contribution of SMC is zero or at least small, that means if the atomic diameters differ not too much. In this case the TSRO as well as the CSRO is symmetric in respect to the two constituents and the alloy is designated as a substitutional one. The description of its structure only requires the two partial functions, S NN and Scc-On the other hand, the structure of an amorphous alloy whose components have very different atomic sizes may be better described in terms of the three Faber Ziman partial structure factors «AA, A BB , and #AB-
Experiments and Data Reduction
Three amorphous Cu 5 7Zr 43 [83] . Intensity profiles were recorded from 20 = 1.3° up to 143° using neutrons with 0.69 A wavelength. The counting statistic per measured point corresponded to 0.5 pet statistical error. The necessary corrections for the evaluation of the coherent intensity from the measured data were essentially the same as described earlier [84] , Smoothing of the measured curves was performed with a cubic spline fit procedure. For the macroscopic density the value 7.51 g/cm 3 was taken [85] .
The absorption and scattering parameters of Cu and Zr used in the present work are listed in Table 1 . As for the values of the scattering lengths b\, which have to be known accurately in isotopic substitution experiments, the following comments 63 Cu, and 65 Cu given in [86] turned out to be not consistent with the results of the present experiments. Therefore. a set of three consistent values was derived from the scattered intensities: The three specimens have been prepared in such a way that the mass of the Cu-Zr material exposed to the neutron beam was known. Therefore, the ratios I\{Qy.Ii{Q):I\{Q) of the total scattered intensities per atom could be evaluated. In the high-^-region I)(Q) approaches to
where cr ms is the multiple scattering contribution and k a normalization factor, which cancels out in the ratios. Using the values for cr inc from Table 1 and assuming that the values &( nat Cu) = 0.768
• 10~l 2 cm and b(Zr) = 0.716 • 10 -12 cm are correct, a set of three coherent scattering lengths for the three Cu-materials was calculated, which was consistent with the ratios /|(cc):/2(oc):/3(oo) and with (10). The 6,-values for the pure isotopes 63 Cu and 65 Cu (see Table 1 ) were then derived taking into account the isotopic enrichment of the Cumaterials used in the present work. It should be noted that the experimental value of a inc for nat Cu in Table 1 which enter into the calculation of the values for bj, according to (10) , are correct. Finally, a consistency check can be made using (11):
where the weighting factors are the natural isotopic abundances of 63 Cu and 65 Cu. This equation is fullfilled by the values given in Table 1 , but not, for expamle. by the corresponding values reported in [86] , which have been used by Kuodo et al. [10] .
Results and Discussion

Structure Factors
From the coherently scattered intensities I C (Q) the total structure factors S" Z (Q) for the three alloys were calculated with (1) and plotted in Furthermore, the total Sx z (0 measured by X-ray diffraction with Mo-K a -radiation is plotted. Compared to the X-ray structure factor, the neutron structure factors show two remarkable features in the low-0region: Whereas Sx z is zero at low 0s, Sf z , 5 2 fz , and S 3 FZ extrapolate to 0.13. One may suppose that this behaviour is caused by a certain amount of hydrogen inserted during the preparation of the specimens which would in fact give rise to a constant background level due to the large incoherent neutron scattering cross section of hydrogen. A check of this problem was made by an additional neutron scattering experiment with a crystallized nal Cu 57 Zr43 sample. After the background corrections -same a ms as for the amorphous sample but no subtraction of the Laue monotonic scattering term -the corresponding value for 5(0) at low 0s was zero within the error limits. After crystallisation the sample contains at least the same hydrogen impurities as the amorphous samples. Therefore the high level of the neutron structure factors of the amorphous samples at low 0 s is not caused by hydrogen but rather by the amorphous structure itself. The second interesting feature of the neutron curves is the appearance of a so-called prepeak in front of the main maximum, which is not observed, however, with the X-ray curve. This prepeak, which is caused by concentration fluctuations, S CC , clearly shows up the presence of a chemical short range order effect in amorphous Cu5 7 Zr 4 3. A rough estimation of the strength of the CSRO effect can be made by dividing the amplitude of the prepeak by the weighting factor of See in (8) . This shows that in spite of the small amplitudes of the prepeaks in Fig. 1 the CSRO nevertheless must be strong in amorphous Cu-Zr, because of the very small weighting factors (see (13a-c), below).
Corresponding to (2) 
The three neutron diffraction experiments, in principle, provide a set of three equations for the extraction of the three partials a,j, (12a, b, c), and Zr, 3 :N,of the three partials SNN, S C C-and SNC, (13a, b, c).
In practice, however, it turned out that it was not possible to extract reliable ^-functions. This can be understood from the fact that due to the badly conditioned system of the three equations (12a, b. c). whose normalized determinant has the very low value of 2 • 10~3, even very small experimental uncertainties lead to drastic uncertainties in the resulting partial functions. It should be noted that even better counting statistics than that of the present work cannot overcome this problem, but that rather systematic errors in the correction procedures and in the tabulated scattering and absorption cross sections nowadays require a much better conditioned system of equations.
For the case of the Bhatia Thornton partial structure factors the coefficients in (13a, b, c) show that the evaluation of the partials S NN and S NC should be possible, whereas the contribution of Sec is too small to allow its separation. This is readily seen from the value of the determinant which equals 7 • 10~3 for the system of the three equations, but which becomes 3 • 10 -1 for (13 a, b) for S NN and SMC alone when Sec is neglected. Figure 2 shows the partials S NN and S N c resulting from (13 a, b, c). The dotted part of the curves below Q = 2A~] should indicate that in this range, where the prepeak occurs, the results are uncertain, because the main contribution of S C c lies in this range and is thus there not necessarily small. The run of S N c shows that the size effect in amorphous Cu-Zr, as expected from the difference of the atomic diameters. plays an important role in the structure. As this function frequently was theoretically calculated [79] or even neglected [77] in structural researches it is interesting to compare the experimental S N cfunction with the corresponding theoretical Ashcroft Langreth hard sphere function [91] , Figure 2 shows the result as dashed curve, whereby the atomic diameters were chosen as d Cu = 2.59 A and d Zr = 3.28 A. and the density as 7.51 g/cm 3 . Comparison shows that the general features of both curves agree in the ß-range where the main peak of S NN lies, but that the oscillations of the hard sphere S N c are more pronounced by a factor two compared to those of the experimental curve.
The prepeak occuring in the in Fig. 1 is most pronounced in the S3 curve, which is in accordance with the fact that in this case the weighting factor of the S CC function is larger than in Si and S 2 (see (13)). On the other hand, in the X-ray structure factor S® T this weighting factor is as large as in Sf T , and nevertheless we observe even not a trace of a prepeak. This behaviour must be due to the contribution of the partial S N c, which is as large in S® T as in S® T but opposite in sign, and we must conclude that in the X-ray case the oscillation of S c c in front of the main peak is cancelled by that of S NC .
Comparison of this observation with structural data for other amorphous metal-metal alloys found in the literature seems to be quite interesting and is shown in Table 2 . All alloys have the common feature that the atomic diameter ratio is clearly below unity. We state that those alloys for which a CSRO effect is clearly demonstrated by neutron diffraction exhibit no prepeak in the X-ray diffraction case if the weighting factor of S N c is large but negative, that means where the scattering power of the smaller constituent A is distinctly weaker than that of the larger constituent B. This observation again reflects the important role of the size effect in the structure of metal-metal glasses. From the foregoing one can show that the chemical ordering is asymmetric with respect to both constituents in that way that the oscillations of the See function are mostly caused by a larger pseudoperiod of the ordering of the smaller component: We express Sec and S N c in terms of the a^ for sake of simplification for the case of c A = cb = 0.5:
SNC= (FLAA-«BB)/8.
We know that CSRO (pseudoperiod) leads to a positive peak of aAA and tf B B and to a negative peak of «AB in front of the main peak. These peaks sum up to the so-called S C c prepeak, (14) . If the CSRO is symmetric with respect to A and B, öaa = #BB and SNC = 0. But if the CSRO is asymmetric in such a way that «AA > «BB in the range of the prepeak, then S NC shows there, according to (15) , also a peak, which may cancel that of S C c if the factor w NC of S N c is large and negative. For the case of AAA< ö BB, however, negative factor vt' NC of S N c would enhance the prepeak.
Finally we sum up these considerations by stating that the metal-metal amorphous alloys where one component is an early and one component is a late transition metal, do not belong to the substitutional type. It may be noted that this asymmetric structural behaviour is found to be much more rigorous in metallic glasses of the metal-metalloid type. In this type of glasses direct neighbourhood between the smaller metalloid atoms is avoided and thus the partial metalliod-metalloid structure factor shows a peak at lower (2-values than the main peak of the total X-ray structure factor [84] , It is therefore suggested that this asymmetric behaviour, more or less pronounced, is a common feature of all types of metallic glasses.
Correlation Functions
From the total structure factors S FZ (Q) the total correlation functions G(R) were derived according to (4) and plotted in Figure 3 . The total G(R) are weighted sums of the Gjj(R), where the weighting factors are the same as in (12a-d). Thus it is obvious that the calculation of the partial G l} by solving a set of three equations analogous to (12a-c) fails as was already stated for the case of the partial structure factors a,j. Figure 4 a shows the main peak of the three neutron curves G\, G 2 , and G 3 . They are slightly different, which can be understood by the weighting factors n',y in (12): The rise of the level of the curves near R = 2.6 A going from Gi to G 2 and then to G 3 scales well with the rise of the weighting factor H' CuCu in (12a-c). This means that the main contribution of G CuCu falls into this Ä-range. Simultaneously the shoulder at the right hand side near 3.2 A decreases with decreasing u' ZrZr , which thus is identified as the contribution of G ZrZr .
In order to determine the different atomic distances three difference curves A\, A 2 , and A3 were calculated choosing the factors of G\ and G 3 in such a way that in each case one of the three G,y cancels out. The three difference curves are plotted in Figure 4b . Based on the known interatomic distances we tried to fit the first maximum of the total neutron-G(R) curves by three partial Gjj(R)-curves:
The Fig. 3 . Total pair correlation functions G(R). N: Neutron diffraction. X: X-ray diffraction.
starting curve was one constructed asymmetric function whose maximum position, height, and width was varied in order to produce three G,y which reproduce the run of the total neutron curves. The results are shown in Fig. 5 a, together with the experimental curves. The final values for Rjj and Z (/ thus obtained are listed in Table 3 .
It turned out that from the fit of the three measured total functions G\, G 2 , and G 3 in each case the same Rj, and widths resulted, but that different Z,y had to be chosen to optimize the fit which led to the range given in Table 3 for their values. The fact that there is no unique set of three Z,j which fits simultaneously the three total G(R) again reflects the statement given above that straight-forward calculation of the G (/ (/?) from the totals was not possible. The resulting partials G (/ (R) are plotted in Figure 5 b. From the partial Z /7 the Warren Cowley short range order parameter [94] a, can be calculated referring either to a central Cu-or a central Zratom:
where i = Cu or Zr and j = Zr or Cu. Table 3 shows that a Cu as well as a Zr comes out as nearly zero within the error bars. This result is in disagreement with the observed CSRO effect in CuZr glasses, which means preference of unlike neighbours, i.e. negative values of a,. Cargill and Spaepen [96] defined an alternative short range order parameter which accounts for the possibility that the ordering around both kinds of atoms may be different. It should be mentioned that with the partial coordination numbers of the present work also this parameter nearly becomes zero within the error bars.
Comparison with the Literature
A variety of experimental and theoretical studies on the structure of Cu-Zr glasses has been performed heretofore; the results of them shall be compared with the results of the present work in the following section. Hereby in Fig. 6 a, b the first maximum of the curve G\, where the shoulder at the right hand side, belonging to the Zr-Zr contribution is most distinctly observed, is chosen for the comparison. The atomic distances, the coordination numbers, and the resulting short range order parameters are summarized in Table 3 . We note that the curves from the literature were taken graphically from plots and digitalized using a computer graphic input routine.
Experimental Data from Literature
Kudo et al. [10, 11] reported structure factors of Cu57Zr 43 up to 11.4 A -1 which were measured using the same isotopic substitution technique as in the present work. No hint on a prepeak was given by the authors. They derived partial G, 7 functions as well as Rij-and Z (/ -values (see Table 3 ). From the values of the Z /y absence of CSRO was concluded in [11] . In Fig. 6a the main maximum of our experimental curve Gi (solid line) is compared with a corresponding one which, according to (12 a), was composed from the ppcf taken from [10] (line with small dots). Rather large differences are observed, especially at the right hand side, where the composed curve does not show a separate shoulder, maybe due to the relatively small ^Z rZr =3.15Ä and the rather large widths of the G, 7 in [10] .
Chen et al.
[8] estimated the ppcf for Cu 50 Zr50 by means of the anomalous X-ray scattering technique. Concerning this technique it should be noted that it yields a system of three equations for the [72] partial a lt whose normalized determinant is worse by at least one order of magnitude than that of (12a-c). The values of the Z, 7 - (Table 3) were explained in [8] by a more or less random distribution of both kinds of atoms in Cu-Zr glasses, whereas preferred interaction of unlike atoms was concluded from the shape of the a,/-curves. Figure 6a shows the total G(R) of Cu 50 Zr50 (dashed line) composed from the partial from [8] with the appropriate weighting factors. The discrepancies between this curve and the experimental G\ cannot be explained by the concentration difference alone.
Cu-Zr glasses have been also studied by EXAFS. Haensel et al. [13] fitted EXAFS data from Cu 46 Zr 54 (Cu-and Zr-K-edge) by asymmetric correlation functions from which they got the figures in Table 3 . They found correspondence of the coordination numbers with the composition of the alloy, which means random mixing, but different pair distribution characters, i.e. symmetric for Zr-Zr and asymmetric for Cu-Cu and Cu-Zr.
Wong et al. [12] reported EXAFS data from Cu 60 Zr40 (Zr-K-edge). The small value /?cuZr = 2.67 A compared to the sum of the Goldschmidt radii of Cu and Zr is explained by chemical interaction. On the other hand they conclude random mixing of Cu and Zr from the scaling of coordination numbers with the composition of the glass.
Sadoc et al. [14. 15] proposed a two-subshell model for the quantitative description of their EXAFS data from Cu 60 Zr 40 (Cu-and Zr-K-edge), where both for the Cu-Cu-and the Cu-Zr-distribution two coordination shells were taken ( Table 3) . As the coordination numbers of this model clearly yield negative values for ac u and a Zr it is interesting to check whether those Z /y do fit the G(R) curves obtained by neutron scattering. With the R t j, Z, 7 , and the widths a^ of the five distributions given in [15] a total G(R) corresponding to Cu6oZr4o was simulated as sum of five Gaussian curves using the appropriate weighting factors. Mathematical details are described in previous papers [84, 95] , Figure 6 a (dash dotted curve) shows the result, and one can see that the agreement is poor.
Resuming the experimental figures in Table 3 one can state that in each case the atomic distance of Cu-Zr pairs is smaller than the mean value of the Cu-Cu and Zr-Zr distances. This gives evidence for preferred interaction between unlike atoms in CuZr glasses. From the partial coordination numbers, however, preferred coordination of unlike neighbours, which one would expect from the chemical interaction, cannot be concluded.
From (16) If we assume the errors in the partial coordination numbers to be of the order of 10% and Z, 7 « Z, 7 , (17) yields as error in a, 110%, 60%, and 43% for a, = -0.1, -0.2, and -0.3, respectively. This illustrates that small negative values of a, lying in the range between -0.1 and -0.2 hardly can be evaluated from experimental partial coordination numbers. Figure 6b shows besides the experimental correlation function G\ (R) theoretical curves which were composed from partial pair correlation functions found in the literature up to now.
Theoretical Data from Literature
Kobayashi et al. [71] reported the ppcf of amorphous Cu 57 Zr 43 obtained by a computer simulation study using modified Lennard-Jones 8-4 potentials between the atoms. Hereby the equilibrium Cu-Zr distance and the cohesive Cu-Zr energy were chosen as the average of the respective values for the Cu-Cu and Zr-Zr pairs. This implies that the model doesn't account for CSRO effects. Figure 6 b (dashed line) shows that the peak for the resulting composed total G(R) is lower than the experimental one.
Fujiwara et al. [73] calculated the ppcf by means of a relaxed dense random packing model for Cu 5 oZr 5 o. The total G(R) curve in Fig. 6b (dashed dotted line) is nearly as high as the experimental one, but the detailed features are not reproduced, which certainly is not due to the composition difference. The values of y. Cu and a Zr for the model do not reflect a CSRO effect.
Beyer et al. [74] determined the partial pair correlation functions of Cu 57 Zr 43 by molecular dynamic calculations based on Lennard-Jones 12-6 potentials. No special interaction between the Cu and the Zr atoms was introduced in the potential parameters, so that this model does not include CSRO effects. Accordingly the atomic distance between unlike atoms is the average of those between the like atoms. The G(R) function in Fig. 6 b (dotted line) according to the model exhibits a shoulder at its left hand side rather than at the right hand side, where the experimental one shows up the Zr-Zr contribution as a shoulder.
Harris et al. [72] used Lennard-Jones 12-6 potentials in a structure relaxation of a dense packing of hard spheres in order to simulate the structure of amorphous Cu 33 Zr67. They introduced CSRO by preferred interaction between unlike atoms. This is reflected by the value of /?cuzr, which is smaller than (RquCu + ^zrz r )/2, and also by the negative value of a Zr , but not by the value of a Cu ( Table 3) . Because of the rather large difference of the composition to that of the present work no composed G(R) curve for this model is included in Figure 6 b. Table 3 , we state that the ten experimental and theoretical investigations, respectively, which are compared in this chapter, do not allow the extraction of the nature of the topological and chemical ordering within the first coordination shell of Cu-Zr glasses. Only RquZt shows the tendency to be smaller than the average of RcuCu and R Zt zt, which reflects the chemical interaction between Cu and Zr in amorphous Cu-Zr.
Summarizing the figures listed in
Conclusion
The isotopic substitution method has been applied in order to study the structure of amorphous Cu 57 Zr 43 . It turned out that the system of three equations was not conditioned well enough in view of the remaining experimental uncertainties, to
allow a straightforward calculation of the three partial correlation functions. Therefore, these three functions had to be estimated by a fitting procedure to the experimental total pair correlation functions. The Warren Cowley as well as the Cargill Spaepen short range order parameter were found to be in the range of zero.
On the other hand, the occurence of a prepeak in the neutron structure factors, which is caused by pronounced concentration fluctuations, as well as the evaluated atomic distances, showing preferred interaction between unlike atoms, give evidence for presence of a chemical short range order effect in the Cu5 7 Zr 4 3-glass. The review of experimental and theoretical data derived up to now for Cu-Zr glasses, including those of the present work, demonstrates that the kind of this chemical ordering is still unknown, although Cu-Zr glasses are the most comprehensively studied ones with two metallic components.
From the discussion of the prepeak occuring in the structure factors measured with neutrons, but not observed with X-rays, it is suggested that the size effect plays an important role in the amorphous structure. There is evidence that the topological as well as the chemical short range order is asymmetric with respect to the two components, the ordering of the smaller atoms rather exhibiting a larger pseudoperiod than that of the larger atoms. Comparison with literature suggests that this behaviour is a common feature of metal-metal glasses. Further experimental investigations are needed, in which attention should be focussed on this question*.
